Poly(ADP-ribose) polymerases (PARPs) are involved in many aspects of the cellular response to various forms of damage. PARP-1 and PARP-2, the most abundant PARPs, are central to the response to specific types of DNA damage, especially single-strand breaks. Inhibition of PARP activity may sensitize the cell to exogenous agents such as chemotherapy and radiation. In circumstances where rescue pathways are deficient, particularly the homologous recombination (HR)-directed DNA repair pathway, inhibition of PARP may result in "synthetic lethality." BRCA mutation-associated breast cancers are a paradigm of HR-directed repair deficient tumors. Early clinical trials have demonstrated significant activity of single-agent PARP inhibitors in BRCA-deficient breast and ovarian cancer. Because of phenotypic similarities between some "triple-negative" breast cancers (TNBC) and the most prevalent type of breast cancer seen in BRCA1 mutation carriers, some have hypothesized that TNBC might also be specifically sensitive to PARP inhibition. The activity of single-agent PARP inhibitors in TNBC has not been reported. One trial did suggest significant enhancement of the activity of platinum-based combination chemotherapy, without incremental toxicity. These studies indicate that PARP inhibition is an exciting new approach to the treatment of breast cancers in women with underlying BRCA mutations and possibly in sporadic cancers with defects in HR-directed repair. Future studies will be necessary to determine whether the effectiveness of PARP inhibitors in nonhereditary cancer requires an underlying HR defect or whether these agents may improve the activity of conventional chemotherapy by other means. In addition, studies will be required to determine whether PARP inhibitors may induce synthetic lethality in tumors with defects in pathways other than the BRCA-dependent DNA repair pathway. If either or both of these prove to be the case, then PARP inhibition may benefit a wide spectrum of cancer patients.
INVOLVEMENT OF PARPS IN DNA DAMAGE REPAIR
The maintenance of genomic integrity is a critical cellular function. Endogenous and exogenous insults result in various forms of DNA damage on a regular basis, and a number of pathways have evolved to address these lesions. 8, 9 PARP-1, and probably PARP-2, are specifically involved in the response to single-strand DNA breaks. PARP-1 is a major component of the base excision repair (BER) pathway. 10, 11 PARP-1 seems to detect single-strand DNA damage through binding mediated by the N-terminus RING finger domains ("nick sensing"). Thereafter, PARP-1 forms a homodimer, and the catalytic activity of the protein is engaged. PARP itself is a main target for poly-ADP-ribosylation, with PAR polymers being attached to the BRCT repeat domains. The creation of a bulky, negatively charged chain in the region of the DNA break likely has a number of effects. First, the PAR chain serves as a "beacon" to recruit other repair proteins such as XRCC1 to the sites of damage. Second, PAR modification of histone proteins may lead to local chromatin remodeling, improving access of DNA repair proteins to the site of damage. 12 The presence of automodified PARP may also serve "antirecombinogenic" function, preventing the conversion of a single-strand break (SSB) into a more genomically unstable doublestrand break. 4 The BER pathway is central to the repair of endogenous DNA damage. Thousands of single-strand lesions form every day as a result of normal oxidative stresses. From this, one would assume that PARP activity is critical to survival, and it is somewhat surprising that PARP-1 knockout mice are viable, fertile, and do not seem to suffer from any obvious cancer susceptibility. They are not entirely normal, as PARP-1 deficient animals are quite sensitive to DNA-damaging agents such as N-methyl-N-nitrosourea and ionizing radiation. 13 The apparently mild phenotype of PARP-1-deficient animals likely results from 2 factors. First, the fact that PARP-1/ PARP-2 double knockout mice are not viable suggests that PARP-2 activity can rescue PARP-1 deficient cells, at least under normal conditions. 14 Second, single-strand DNA lesions can be repaired by mechanisms other than the BER pathway.
Replication forks are unable to progress normally through unrepaired SSB until they are repaired. If replication forks along opposing strands meet at a SSB, a discontinuous double-strand end may form. 15 Such double-strand ends are potentially highly recombinogenic and could contribute to significant genomic instability. To avoid these outcomes, the cell engages repair mechanisms that are normally involved in the repair of double-strand breaks, such as homologous recombination (HR)-directed repair and nonhomologous end joining (NHEJ). HR-directed repair is a highly accurate DNA repair mechanism that is engaged during S phase, using the available sister chromatid as a template for resolving the break. NHEJ is available throughout the cell cycle but is less accurate and has more potential to contribute to genomic instability. Bone marrow cells from PARP-1-deficient mice manifest increased numbers of sister chromatid exchanges under both normal and stress conditions, 13 indicating that HR-directed repair mechanisms are engaged in response to endogenous and exogenous DNA damage when SSB repair is impeded by loss of PARP activity. It is likely this redundancy and overlap of repair mechanisms that preserves cells lacking PARP1.
RATIONALE FOR PARP INHIBITION IN
BRCA-ASSOCIATED CANCER "Synthetic lethality" is the phenomenon whereby cell death results from the loss of function of 2 different gene products, when loss of either gene product in isolation does not lead to cell death ( Fig. 1 ). 16 Because double-strand break repair pathways, such as HR-directed repair and NHEJ, seem to be important to the repair of SSB in PARP-deficient cells, one would predict that cells lacking these pathways would be sensitive to the loss of PARP function. 17 The products of BRCA1 and BRCA2 are critical to the process of HR-directed DNA repair. 18 If PARP activity were to be lost in BRCA-deficient cells, such as BRCA-associated breast and ovarian cancers, one would expect that exogenous or endogenous DNA damage that is normally addressed by the BER pathway would result in genomic instability and cell death as the HR-directed pathway is not available to rescue those cells. Noncancer cells from BRCA mutation carriers would not be expected to experience such an effect, because these cells still have enough functional BRCA gene product to remain competent in double-strand break repair. Pharmacologic inhibition of PARP should, therefore, have a high therapeutic index in the treatment of BRCA-related breast and ovarian cancer.
Two groups showed in 2005 that PARP inhibition results in synthetic lethality in BRCA-deficient cells. 19, 20 Farmer et al. 20 showed that pharmacologic PARP inhibitors were highly cytotoxic to BRCA2-deficient VC-8 cells and that siRNA "knockdown" of BRCA2 in MCF-7 and MDA-MD-231 cells resulted in sensitivity to PARP inhibition. In a simultaneously published article, Bryant et al 19 showed that BRCA-deficient embryonic stem cells are sensitive to PARP inhibition. Preclinical studies then demonstrated that treatment with a PARP inhibitor had a significant impact on orthotopic transplants of BRCA-null breast cancers transplanted from conditional mutant mice. [21] [22] [23] Taken together, these studies have provided the preclinical rationale for exploring PARP inhibition as a strategy to treat malignancies in which the cells are deficient in HR-directed repair. The concept of using PARP inhibitors as single agents to induce cell death through synthetic lethality represents a novel approach to cancer treatment but may not be the only mechanism by which PARP inhibitors could improve cancer therapy. When used in combination therapy, PARP inhibitors may also enhance the effectiveness of conventional treatments by impairing the repair of damage caused by those agents (eg, impeding repair of SSB induced by radiotherapy). Finally, combination therapies that include PARP inhibitors may increase cytotoxicity by increasing the overall burden of DNA breaks, both single and double stranded, and thus promote cell death even in cells with relatively competent DNA repair mechanisms.
CLINICAL STUDIES OF PARP INHIBITION IN BRCA-ASSOCIATED CANCER
The only published studies directly evaluating the hypothesis that PARP inhibitors may be effective single-agent treatment for BRCA-associated cancers have been conducted with olaparib (AZD2281 and KU0059436). Olaparib is a substituted 4-benzyl-2Hphthalazin-1-one that possesses high-inhibitory enzyme and cellular potency for both PARP-1 and PARP-2. Fong et al 24 recently published the results of an expanded single-agent phase I study in which an effort was made to oversample patients with BRCA-associated malignancy. After reaching maximal tolerated dose (MTD) in the traditional phase I portion, the investigators expanded the study to include a number of additional patients with documented BRCAassociated cancer. A total of 60 patients enrolled, 22 of whom had mutations in BRCA1 or BRCA2. Another woman with ovarian cancer had a strongly suggestive family history but declined testing. The patients had breast (15%), ovarian (35%), colorectal (13%), melanoma (7%), sarcoma (7%), or prostate cancer (5%). The MTD was noted to be 400 mg twice daily (BID), with reversible doselimiting toxicity noted at a dose of 400 mg per os (po) BID (grade 3 mood alteration and fatigue in 1 of 8 patients) and, more prominently, at 600 mg po BID (grade 4 thrombocytopenia and grade 3 somnolence in 2 of 5 patients). The investigational agent was well tolerated overall, with mild gastrointestinal side effects being noted in a minority of patients below the MTD. Objective tumor response was noted in 9 of 60 patients, although some clinical benefit was noted in 17 of 60 (including 12/19 individuals with BRCA-associated breast, ovarian, or prostate cancer). Only mutation carriers seemed to experience durable antitumor activity.
In response to the significant findings of the phase I study, a follow-up multicenter proof of principle phase II trial of olaparib in BRCA-deficient advanced breast cancers was performed. 25 A total of 54 women with BRCA mutation-associated breast cancer who had received at least 1 prior regimen for the treatment of metastatic breast cancer were enrolled. In a single-arm, 2 sequential patient cohort design, the first 27 patients received continuous oral olaparib in 28 day cycles at 400 mg BID. In the second cohort, 27 patients received 100 mg of olaparib po BID. The primary end point was overall response rate. Subjects had received a median of 3 prior regimens and 44 of 54 had been treated with an anthracycline and taxane. Fatigue was the most common adverse event, although usually grades 1 to 2. Grades 1 to 2 nausea were also common. In the intention-to-treat cohort, objective response rates were 41% (n ϭ 11) and 22% (n ϭ 6) in those patients receiving 400 mg BID and 100 mg BID, respectively. The median progression-free survival (PFS) in the 400 mg BID cohort was 5.7 months and 3.8 months in the 100 mg BID cohort. Similar results were observed in a concurrent study of nearly identical design evaluating the effectiveness of The Cancer Journal • Volume 16, Number 1, January/February 2010 PARP Inhibitors single-agent olaparib in the treatment of BRCA-associated ovarian cancer. 26 Taken together, these studies serve as important proof of the principle that certain cancers can be treated effectively by approaches designed to induce synthetic lethality. Further clinical studies are underway, using other agents, to confirm the activity of PARP inhibitors in the treatment of BRCA mutation-associated cancers and other cancers that may be deficient in HR-directed repair.
RATIONALE FOR USE OF PARP INHIBITORS IN "TRIPLE-NEGATIVE" BREAST CANCER
The studies described above demonstrated the effectiveness of PARP inhibition as a therapeutic strategy in cancers arising in BRCA mutation carriers. Because only a small fraction of breast cancers arise in women with such mutations, the impact of the approach on the more global breast cancer problem is likely to be limited unless subsets of "sporadic" breast cancers can be identified that may be amenable to the same line of attack. Somatic mutations in BRCA1 or BRCA2 seem to be rare in nonhereditary breast or ovarian cancer, although loss of heterozygosity of the genomic regions encompassing these genes is not uncommon. Several studies have demonstrated reduced expression of BRCA1 protein in some nonhereditary breast cancers, especially poorly differentiated disease. 27, 28 Reduced expression seems to result from either somatic BRCA1 promoter hypermethylation or downregulation consequent to overexpression of regulatory proteins such as Id4. 29 -32 Sporadic breast cancers with reduced BRCA1 expression usually do not express estrogen or progesterone receptors and do not overexpress HER2 [triple-negative breast cancer (TNBC)]. In addition, many TNBC (but not all) demonstrate a "basal-like" gene expression pattern, as do most breast cancers arising in BRCA1-mutation carriers. These commonalities have led some to suggest that a subset of TNBC may have a BRCA1 pathway defect that is severe enough to compromise HR repair. 33 If this is the case, then a subset of TNBC may be sensitive to synthetic lethality induced by PARP inhibition. However, there is incomplete phenotypic overlap, between TNBC, basal-like breast cancer defined by gene expression pattern, and the cancers that arise in BRCA1 mutation carriers. 34 Not all TNBCs or basal-like cancers necessarily have reduced BRCA1 expression. Even in those that do, HR-directed repair has not been directly assessed, and it is not clear whether this repair mechanism is sufficiently compromised to confer susceptibility to a synthetic lethal approach. Therefore, it is premature to assume that PARP inhibition alone will be broadly effective in TNBC by the same synthetic lethality mechanism as in BRCA-associated disease.
As a therapeutic strategy, PARP inhibition may have merit even if it does not lead to synthetic lethality by exploiting defects in HR repair. Numerous chemotherapy agents (and ionizing radiation) induce DNA damage that is usually repaired by the BER pathway, and inhibition of that pathway would be expected to result in increased cytotoxicity. As described above, PARP-1 knockout mice were sensitive to treatment with N-methyl-N-nitrosourea or ionizing radiation, 13 suggesting that the ability of the double-strand break repair system to compensate for loss of PARP function is not infinite. Therefore, combinations that increase the stress on that system may be effective even without engaging a true synthetic lethality mechanism.
The most actively investigated partners for combination with PARP inhibitors are platinum-based agents. The major form of DNA damage induced by these drugs is thought to be repaired by the nucleotide excision repair pathway. 35 However, platinum agents also cause double-strand crosslinks that require double-strand break repair pathways for resolution. Cells that are defective in double-strand break repair, such as those lacking BRCA1 or BRCA2, are extremely sensitive to platinum-based agents. 36 Preclinical studies of combination therapy with PARP inhibitors and platinum agents animal models of BRCA-deficient breast cancers have shown enhanced efficacy (and toxicity). 21, 37 The lack of HR-directed repair capability leads to cell death after exposure to the aggregate insult of double-strand breaks resulting from the inability to repair platinuminduced crosslinks and similar breaks resulting from replication fork collapse at the site of SSB that are not repaired due to PARP inhibition.
If there is a defect in HR-directed repair in subsets of TNBC, one would expect exquisite platinum sensitivity in that setting as well. Clinical studies examining this hypothesis are not conclusive, perhaps in part due to the heterogeneity of TNBC and the design of the available studies. However, the effectiveness of combination platinum/PARP inhibitor therapy may not require a HR repair defect. Combining a platinum agent with a PARP inhibitor might increase effectiveness by increasing double-strand breaks to the point where even a competent repair system is overwhelmed. By extension, PARP inhibitors may enhance the effectiveness of nonplatinum agents and combinations may be effective in settings other than those in which a HR repair defect is predicted to exist.
CLINICAL STUDIES OF PARP INHIBITION IN THE TREATMENT OF TNBC
To date, there are few clinical studies specifically describing the activity of PARP inhibitors in TNBC. At the 2009 meeting of the American Society of Clinical Oncology, O'Shaughnessy et al 38 presented a randomized phase II study of gemcitabine and carboplatin with or with BSI-201 in patients with metastatic TNBC. BSI-201 is an intravenous PARP inhibitor whose structure has not been published and for which there is extremely limited peerreviewed preclinical data. A total of 120 patients were enrolled in this study, whose primary end points were clinical benefit rate and toxicity. Secondary end points included objective response rate, progression-free survival, and overall survival. At an interim analysis of 109 patients, the experimental arm demonstrated statistically significant improvements in PFS (median 6.9 vs. 3.3 months, HR 0.342, P Ͻ 0.002) and overall survival (9.2 vs. 5.7 months, HR 0.348, P Ͻ 0.0001). There were also significant improvements in objective response rate (48% vs. 16%) and clinical benefit (62% vs. 21%). Remarkably, these results were obtained without any evidence of incremental toxicity in the investigation treatment arm. These exciting results have lead to a confirmatory phase III randomized study that is currently accruing (ClinicalTrials.gov identifier NCT00938652).
FUTURE DIRECTIONS
Although olaparib and BSI-201 are the PARP inhibitors that are most advanced in clinical development, a number of agents with similar activity are in early clinical trials (Table 1 ). Formulations and routes of delivery (oral vs. intravenous) differ, but it remains to be seen whether different agents manifest significant differences in efficacy or toxicity. A number of other questions remain. It is not clear whether tumors with HR-directed repair defects will be more effectively treated with PARP inhibitors as single agents or in combination with conventional cytotoxics, such as cisplatin or carboplatin. It is also not yet clear whether the incremental benefit of PARP inhibition is restricted to cancers that have putative defects in HR-directed repair or upregulation of PARP. It is possible that inhibition of BER may produce a more general sensitization to conventional chemotherapy (or radiation) that does not depend on the engagement of a synthetic lethality mechanism. If an underlying defect in HR-directed repair is required for a benefit from PARP
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The Cancer Journal • Volume 16, Number 1, January/February 2010 inhibition, it would be helpful to have an assay for HR-directed repair competency. Such an assay does not yet exist, although a number of investigators are exploring novel approaches to this problem. 39 The mechanisms of resistance to PARP inhibitor treatment must be defined. In the setting of treatment of BRCA mutationassociated cancers, 1 group has identified resistance associated with reversion of the underlying germline mutation, resulting in restoration of HR-directed repair capability. 40 Interestingly, a similar mechanism has been described as being associated with resistance to platinum-based chemotherapy in BRCA2-deficient cancer. 41 This is not likely to be a relevant mechanism in the setting of sporadic TNBC, but animal studies have indicated that resistance may be associated with upregulation of multidrug resistance proteins. 37 This may present challenges for treatment of disease that is not associated with BRCA mutations.
Finally, PARP inhibition may induce synthetic lethality in a wider universe of cancers beyond those that are known or believed to harbor defects in the BRCA-associated DNA repair pathways. Preclinical data suggest sensitivity in cells with defects in other components of HR-directed repair. 42, 43 There may also sensitivity in cells without obvious defects in this pathway. For instance, recent data suggest that PTEN-null cells may also be sensitive to this approach. 44 These observations suggest that there may be a broader application of PARP inhibition in cancer therapy than has been appreciated so far. Indeed, there may be other applications of the synthetic lethality approach to cancer treatment that remain to be discovered. 45 This conceptual advance, and the proof-of-principle that has been provided by the results of PARP inhibition in BRCAassociated cancer, presents an exciting opportunity to develop an entirely new approach to cancer therapeutics that builds on recent discoveries in cancer genetics and cell biology. 
